The recent discoveries of 2D magnetism in van der Waals materials provide a novel route to realize high-performance spintronic devices. Giant tunnel magnetoresistance (TMR) as large as one million percent has recently been reported by several groups in graphene/CrI3/graphene junctions by exploiting the weak antiferromagnetic coupling between adjacent layers. Here, we report a comparative study of TMR in all three chromium trihalides (CrX3, X= Cl, Br, or I) in the ultrathin limit. As the materials exhibit different transition temperatures and interlayer magnetic ordering in the ground state, tunneling measurements allow for an easy determination of the fieldtemperature phase diagram for the three systems. By optimizing sample thickness and biasing conditions, we then demonstrate how to maximize TMR at different temperatures for each material.
Magnetic tunnel junctions (MTJs), formed by two ferromagnetic metals separated by a thin nonmagnetic insulating barrier, and are a key building block of modern spintronic devices 1, 2 . An important performance metric is their tunnel magnetoresistance (TMR), defined as the resistance difference between the two relative spin orientations of the ferromagnetic layers, which can be switched by an external magnetic field. While TMR values have steadily increased over time, a dramatic enhancement was seen with the use of crystalline barriers instead of amorphous layers [3] [4] [5] . An alternative approach to achieve large TMR is through spin filtering, whereby a magnetic barrier selectively tunnels electrons of a single spin polarization from nonmagnetic metal leads.
Earlier work with deposited EuS films has shown that two spin filters with initial opposite spin polarization can generate TMR as large as 60% when the layers become fully polarized 6, 7 . By stacking multiple spin filters with alternating polarization, one can therefore expect even larger TMR as this value compounds with increasing filter number.
The recent discoveries of 2D magnetic materials [8] [9] [10] , such as CrI3, provide a novel opportunity to achieve extremely large TMR through the use of van der Waals heterostructures.
CrI3 is highly crystalline, while weak antiferromagnetic coupling between adjacent layers provide a natural series of spin filters whose TMR can be tuned by thickness and bias voltage [11] [12] [13] . In particular, we have previously demonstrated TMR of 10 6 % in graphene/CrI3/graphene tunnel junctions under a 2T field 12 . These results motivate a systematic study of TMR in the entire CrX3
(X= I, Br, and Cl) family across temperature and sample thickness. We observe ~1500% TMR in 15-layer (15L) CrCl3 with antiferromagnetic (AFM) interlayer coupling at low temperature and even ~200% TMR in 8L CrBr3 with ferromagnetic (FM) interlayer coupling near the magnetic transition temperature. These values decrease in the limit of a double filter formed in bilayers.
A schematic illustration of our devices is shown in Fig. 1a and the detailed fabrication procedure can be found in the Methods section. In short, ultrathin CrI3, CrBr3, or CrCl3 from 2 to 15 layers (L) is exfoliated in a nitrogen-filled glovebox and sandwiched between top and bottom few-layer graphene electrodes (Gr) with full encapsulation by hexagonal boron nitride (hBN) on both sides for sample protection. In the main panel of Fig. 1b , we show an optical image of such a
CrI3 device as an example.
We begin with transport behavior without magnetic field in order to confirm the groundstate magnetic properties of CrX3. In Fig. 2 , we show temperature-dependent I-V characteristics for few-layer devices incorporating the three different materials (CrI3: 8L, CrBr3: 8L, and CrCl3: 15L). All tunnel junctions exhibit nonlinear current-voltage characteristics due to quantum mechanical tunneling across the semiconducting layers. At higher bias yielding current above ~1nA, transport is governed by Fowler-Nordheim (FN) tunneling 12 , while for direct tunneling near zero bias, the current is below the noise level (~1pA) for samples of this thickness. A zerobias conductivity is measurable in thinner samples, however (see Supplementary Fig. S1 ). For CrI3 and CrCl3, decreasing temperature lowers the current level for a given voltage, whereas CrBr3
shows the opposite trend. In order to verify this, we additionally measured resistance with continuously changing temperature, and the results are shown in the corresponding insets in the bottom panel of Fig. 2 . Here, a marked kink (or peak) was observed at the magnetic transition temperature (TAFM or TFM) for each device. By taking the derivative of these curves, we determined the critical temperatures more precisely to be 46K for CrI3, 37K for CrBr3, and 17K for CrCl3
( Supplementary Fig. S2 ). These temperatures are consistent with previous reports for bulk CrBr3 14 and CrCl3 15 , although few-layer CrI3 shows a slightly lower value than that for the bulk crystal (61K) 16 , possibly due to different interlayer spin coupling and/or stacking between the two The different ground-state interlayer spin ordering observed in these three materials will yield different phase transitions and TMR behavior upon application of a magnetic field, both of which can be measured in our device geometry. In Fig. 3a -c, we show voltage vs. temperature at constant current for the same three devices at several different fields applied perpendicular to the layers. We chose a small, 0.1 nA current level in order to minimize the effects of Joule heating.
Nevertheless, we found that measured transition temperatures did not change up to 100nA
( Supplementary Fig. S3 ). In general, increasing magnetic field polarizes spins parallel to the field direction. For CrI3 and CrCl3, the field decreases the resistance at low temperature as the interlayer AFM ground state is gradually destroyed. For CrBr3, however, the low-temperature resistance is barely changed, since a spin-parallel, interlayer FM state has already formed in the ground state.
Instead, the largest change occurs around the critical temperature. Here, increasing magnetic field stabilizes the parallel spin state, and so the voltage is decreased while the transition temperature into this state, TP, is increased. This effect may be analogous to that observed in the colossal magnetoresistance manganite materials undergoing a paramagnetic (PM) insulator to FM metal transition, wherein the field suppresses the resistance caused by critical spin fluctuations or phase disorder 24 . In CrI3 and CrCl3, we observe that for intermediate magnetic fields, not only is TP pushed to higher temperatures, but a second transition to an antiparallel interlayer spin state can be seen at temperatures below TAP and decreases for increasing field. In the limit of zero field, TP and TAP approach TFM and TAFM, respectively, critical temperatures for the transition to spontaneous magnetic order. These net results are reproducible over several different samples (see Supplementary Fig. S4 ). We have additionally performed field-sweep measurements at several different temperatures (see Supplementary Fig. S5 ). The combined dataset allows us to obtain a field-temperature phase diagram for all three materials, as shown in Fig. 3d-f . In the spin schematics for the ground state, the easy axis is drawn to be out of plane for CrI3 and CrBr3, while it is in-plane for CrCl3, as had been just recently demonstrated [19] [20] [21] .
A field-induced transition to the spin parallel state should be accompanied by substantial TMR. In the insets of unclear as to the nature of this effect, we note that there is an inherent asymmetry built into the device geometry as the top and bottom graphite layers are not identical. Similar asymmetric behavior was also observed in previous reports 11, 12 . Nevertheless, at an optimized voltage level, we find that TMR reaches as high as 6ꓫ10 5 % in CrI3, 190% in CrBr3, and 1490% in CrCl3. For comparison, the largest TMR achieved in traditional MTJs consisting of MgO tunnel barriers is 1,010% at 5K, although for a much smaller field of 100Oe 5 . Overall, we attribute these relatively large TMR values to the high-quality interfaces naturally formed between the crystalline layers, as well as the sizable spin splitting of the bandstructure, which we shall discuss in detail below.
First, in order to determine the smallest magnetic field necessary to achieve the large TMR,
we measured current at the optimal voltage with continuously changing field. These results are shown in main panels of Fig. 4d-f . We observe that comparable TMR values can be already be achieved at 2T for CrI3 and CrCl3. This corresponds to the critical polarizing field for these two materials in the ground state 21 . (see Supplementary Fig. S6 and S7) . These quantities are shown schematically in the insets of Fig.   4d -f. CrI3 always shows larger TMR than CrCl3 due to greater spin splitting of the tunnel barrier relative to Φ . The splitting decreases with increasing temperature and gradually disappears above TAFM 12 . For CrBr3 at low temperature, increasing field has a negligible effect on the barriers since they are already split uniformly in the P state. The largest field-induced splitting instead occurs near TFM ~ 40K. This value is still smaller than those for CrI3 and CrCl3 at 1.4K, however.
Finally, we end by discussing the thickness dependence of TMR for each material at the optimized temperature (1.4K for CrI3 and CrCl3, and 40K for CrBr3). In Fig. 5a , we show the maximum TMR vs. thickness for CrI3, CrBr3, and CrCl3. This result shows that the TMR increases overall with increasing barrier thickness, a consequence of multiple spin filters acting in series.
Furthermore, TMR in CrI3 has the strongest change from 2 to 6 layers, as had also been reported previously [11] [12] [13] , and saturates in thicker samples. In contrast, CrCl3 and CrBr3 devices show a more gradual increase. Taken together, these results show that few-layer samples above 6 layers are more ideal to obtain higher TMR in all three chromium trihalides.
In summary, we have investigated the magnetic properties of all three chromium halides in the atomically thin limit by incorporating them in van der Waals tunnel junctions. We have characterized both the ground state and field-driven phases as well as their TMR behavior. By optimizing for sample thickness, bias voltage, and temperature, we demonstrate how to maximize TMR for each material, an important device performance metric. Our work will have important implications for future spintronic devices utilizing these 2D materials.
Methods
Crystal synthesis. CrI3 and CrCl3 single crystals were grown by the chemical vapor transport method. We used a two-zone horizontal tube furnace. The temperature for source (growth) zones was gradually raised to 993 -873K (823 -723K) within 24 hours, and then held for 150 hours for actual growth. CrBr3 single crystals was purchased from HQ graphene.
Device fabrication. Graphite (CoorsTek), h-BN (HQ graphene), CrI3, CrBr3 (HQ graphene), and
CrCl3 were exfoliated onto SiO2(285nm)/Si chip within a nitrogen-filled glove box (Inert Pure LabHE, 2 , 2 < 0.1ppm). By using a polymer-assisted pickup method reported previously 25 ,
we sequentially stacked the structure of hBN/graphite/CrX3/graphite/hBN in a home-built transfer setup inside the glove box, followed by transferring whole stack onto pre-patterned Au (40nm)/Ti 
